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Surface Plasmon Spectroscopy (SPS) in combination with electrochemical techniques 
was used to investigate several electroactive polymer films, in particular, 
polybithiophene and polyaniline / sulfonated polyaniline (PANI / SPANI) multilayers.  
 
SPS has been shown to be a technique of high sensitivity for characterizing ultrathin 
films at the nanometer scale. In this work, a combination of SPS and electrochemical 
technique was used to in-situ investigate the manipulation of an electrode/electrolyte 
interface. A high pressure cell adapted for SPS and electrochemical experiments could 
be utilized to perform the SPS and electrochemical measurements under pressure up 
to 50 MPa.  
 
The electropolymerization of 2,2’-bithiophene was investigated by 
electrochemical-surface plasmon spectroscopy (EC-SPS). A shift of the resonance 
angle was observed, which indicated a continuous deposition of polymer on the 
electrode. The anion doping and dedoping were monitored during the 
electropolymerization of bithiophene at the electrode surface in the time-dependent 
scan of SPS. During the anodic scan, the anion doping resulting in a decrease in 
reflectivity gave rise to swelling of the polymer film. The dedoping of the anion 
caused a slope change of the reflectivity during the cathodic scan.  
 
The gratings used as the surface plasmon coupler were fabricated by photolithography 
or hot embossing lithography. The surface profile of the grating was characterized by 
atomic force microscopy (AFM). In hot embossing lithography, the profile of the 
Summary 
 v
master grating was successfully transferred to a polymethylmethacrylate (PMMA) 
film spin-coated on the quartz glass. Gratings fabricated by these two methods could 
be used for the surface plasmon coupling. 
  
The process of PANI / SPANI multilayer film manipulated on the Au surface by the 
Layer-by-Layer technique was investigated by EC-SPS. With the increased number of 
deposited bilayer, a continuous deposition of the polyelectrolyte was observed. The 
SPS angular scan of the reference system (bare gold in phosphate-buffered saline 
(PBS) solution (pH = 7.0)) was fitted well by just changing the refractive index of 
PBS without varying other parameters. The behavior of the PBS medium under 
pressure was modeled by the Lorenz-Lorentz and Tait equations. The parameters in 
these two equations were obtained by fitting the data of the refractive index to the 
Lorenz-Lorentz / Trait equations. No deviation of these parameters from those of 
water was found. After the PANI / SPANI multilayer film was introduced into the high 
pressure SPS with an electrochemical cell, the cyclic voltammograms and SPS 
angular scans of the PANI / SPANI / PBS system at different pressures were measured 
and compared. It was found that the peak current decreased with elevated pressure. 
This change indicated that the film became more compact and ion transfer within the 
film became more difficult. It was observed that the shift of minimum angle was 
larger than that in the reference system. This was due to the interaction of the 
refractive index change and the thickness change of the film. The former increased 
with elevated pressure while the later decreased. Further experiments are on going to 
separate these factors. 
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Chapter 1   Introduction 
 
The surface plasmon resonance method provides a sensitive tool to probe the optical 
properties of thin films. This method makes use of p-polarized evanescent waves that 
are restricted to an interface with one side of a metal. The resulting electromagnetic 
field is confined to the vicinity of the metal surface. If the optical properties of the 
dielectric adjacent to the metal change, the evanescent field will respond. On a flat 
surface, this effect only occurs for p-polarized electromagnetic fields. “Surface 
plasmon” is actually not quite correct. Surface plasmon modes are oscillations of the 
metal electronic charge at the surface. These modes couple strongly with light to give 
rise of plasmon surface polaritons. We use the term “surface plasmon polaritons”. In 
the literatures, “polaritons” is generally dropped for convenience and “surface 
plasmon” is used for short. 
 
The aim of this study is to combine surface plasmon spectroscopy (SPS) with other 
techniques to investigate electroactive polymer films. Therefore, emphasis has to be 
put not only on the results of the investigated materials but also on the developed 
measurement techniques and instruments.  
 
This thesis is organized in the following way: after this introduction, the theoretical 
background needed to describe surface plasmon in various formats is provided. In 
particular, we describe the coupling devices, i.e. prism mode and grating mode, for the 
excitation of surface plasmon by laser light. Then an introduction to a model that 
could answer the question how refractive index and specific volume are linked to the 
thermodynamic parameters temperature T and pressure P is given, followed by a brief 
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summary of cyclic voltammetry (CV) technique which is used as an extension 
technology to the standard SPS. In the subsequent sections, we describe and interpret 
measurements on two electroactive polymer systems. In Chapter 4, the 
electropolymerization process and the redox cycling of p-doped polybithiophene is 
investigated by using electrochemical-surface plasmon spectroscopy (EC-SPS). In 
Chapter 5, a thermodynamic parameter, pressure, is introduced to study the optical 
and electrochemical behavior of the polyaniline / sulfonated polyaniline (PANI / 
SPANI) film under elevated pressure. Finally, some conclusions of the work during 
the course are given. 
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Chapter 2   Introduction to Basic Principles  
 
2.1 Plasmon Surface Polariton 
The term “evanescent wave optics” is derived from the latin word “evanecsere”, 
which means to vanish. It summarizes a number of optical phenomena related to 
electromagnetic waves decaying perpendicular to the interface between two media of 
different optical properties. If, for example, a plane wave falls onto the interface 
between a high and a low refractive index medium from the high refractive index side, 
the wave will be totally reflected at the interface above a certain angle, the so-called 
total reflection angle (also called critical angle) cθ . The rigorous theoretical treatment 
of this problem shows that the electric field along the propagation direction at the 
interface is still oscillating as usual while its component perpendicular to the interface 
is decaying exponentially. The decay length d is of the order of the wavelength of the 




















                                  (2.1) 
Here n1 and n2 denote the refractive indices of the two media (n1 > n2) and iθ  is the 
incident angle measured from the normal to the surface. This surface-bound decaying 
wave is the basis for many experimental techniques that can characterize surface 
properties. In this work, an example of the above stated simple phenomenon is used. 
We deal with the interface between a noble metal and a dielectric medium, where the 
plasmon surface polariton (PSP) [2] (surface plasmon, for short) is excited. In this 
section, some fundamental concepts needed for the following discussions are 
presented.  
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2.1.1 Maxwell equations 
Mathematically, the description of the media influence on the propagation of light in 
different materials is based on Maxwell’s equations which form the basis of classic 
electrodynamics. With the simplification of the isotropic homogenous media, 
















                                                (2.2) 
Here, E is the electric field, B is the magnetic induction, H is the magnetic field and D 
is the electrical displacement. The relationship between D and E and the relationship 









                                                      (2.3) 
They are called the constitutive relations. Here, ε  and 0ε  are defined as the 
dielectric constant of the medium and the permittivity of vacuum, respectively. µ  
and 0µ  are defined as magnetic permeability and permeability of free space, 
respectively.  
 
Let’s imagine an interface in the xy-plane between two half-infinite spaces. The 
optical properties of materials 1 and 2 are described by their complex dielectric 
functions )(1 ωε  and )(2 ωε . A plane wave propagating along the x-direction is 
considered. If the dielectric displacement of the wave’s electromagnetic mode has a 
component normal to the surface, surface plasmon can be excited. For s-polarized 
light, it only possesses the electric field component which is parallel to the surface 
and accordingly cannot excite the surface plasmon. However, p-polarized light 
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possesses the magnetic field component, so it is perpendicular to the surface and can 




















                                                (2.4) 
Here, A stands for electric field E or magnetic field H; kx1and kx2 are the wavevectors 
in x-direction and kz1 and kz2 are the ones in the z direction. The numbers 1 and 2 refer 
to the two media involved with z < 0 and z > 0, respectively. ω  is the angular 
frequency of the wave.  
The tangential components of E and H have to be equal at the interface: 
21 xx EE =  and 21 yy HH =                                                                 (2.5) 
Inserting equation (2.4) into Maxwell’s equations gives 
kx1 = kx2 = kx                                                                                   (2.6) 















                                                 (2.7) 










k                                                         (2.8) 
This equation indicates that surface plasmons can only be excited at the interface 
between two media which have dielectric constants with opposite sign. If one of the 
two media is a dielectric with a positive dielectric constant dε , the above relation can 
be fulfilled by various elementary excitations provided that their oscillation strength is 
large enough to result in a negative dielectric constant ε . Excitations which can 
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create an electrical polarization of the medium, like phonons or excitons can couple to 
a surface electromagnetic wave and give rise to phonon surface polarition or exciton 
surface polarition modes, respectively. The most important type of excitation (for 
practical application) that can couple to surface electromagnetic waves is the 
collective plasma oscillation of a nearly free electron gas in a metal. It is called the 
plasmon surface polariton or surface plasmon for short. 
 
For a metal / dielectric interface, the wavevectors in the z-direction can be calculated 






















                                              (2.9) 
With the equation (2.8), it leads to the dispersion equation for surface plasmons at the 







•=+= ''' or ( ) 2/111 −− += dmxck εεω                     (2.10) 





L =                                                          (2.11) 
The complex nature of the wavevector in x- and z- direction means an exponentially 
decaying wave in z-direction and an attenuated wave along the x- direction. 
 
2.1.2 Excitation of surface plasmon 
In dielectrics, the electrons are bound tightly to the nuclei, which results in a small 
positive real dielectric constant. However, in metals, the electrons are quasi-free and 
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can move easily by an external force. The classical Drude mode [3] which considers 




ωωε p−=                                                     (2.12) 
The plasma angular frequency pω  usually lies in the UV range for metals. The 
above equation is valid when frequencies ω is from zero up to a maximum frequency 
maxω  which is given by  
ε
ωω += 1max
p                                                    (2.13) 
 
In the frequency range of interest, the dispersion relation for the surface plasmon at a 







εεω                                 (2.14) 
From equation (2.9), the z-component of the surface plasmon wavevector is purely 
imaginary. Thus, the surface plasmon is a nonradiative evanescent wave with 
maximum field amplitude at the interface. It decays exponentially into the dielectric 
and the metal. From equation (2.14), a light incident from the dielectric with the 
maximum wavevector kx(max),ph at the interface can not excite a surface plasmon with 
the wavevector kx,sp because its momentum is not large enough. Fig. 2.1 presents these 
details graphically. We can see that the surface plasmon (SP) dispersion curve rises 
steeply following the light line a before turning through the knee region to 
asymptotically approach the surface plasmon cutoff frequency ωSP. Because the SP 
dispersion curve always lies to the right of the light line of the dielectric (line a in Fig. 
2.1), the surface plasmons are nonradiative [4-6]. There is no intersection of both 
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curves and the x-component of the wavevector of incident light is always smaller than 
that of surface plasmon. So we cannot simultaneously match frequency and surface 
















Fig. 2.1 Dispersion relation of free photons in a dielectric (a) and in a coupling prism (b) with np > 
nd, compared to the dispersion relation of surface plasmons at the interface between metal and 
dielectric before (SP I) and after (SP II) the adsorption of an additional dielectric layer. 
ωSP is the surface plasmon cutoff frequency. ωL is the given laser frequency 
 
Among the developed methods to make the light couple to surface plasmon, there are 
nonlinear coupling [2] or coupling by means of a rough surface [7, 8]. However, up to 
now, the most predominant coupling techniques are the prism coupling and the 
grating coupling, both of which will be discussed in the following. 
 
2.1.2.1 Prism coupling 
Prism coupling represents one way to increase the wavevector of the incident light 
and hereby the x-component of the wavevector which couples to the surface plasmon. 
The wavevector of light in the prism is kph = np (ω/c), where np is the refractive index 
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nd, line b in Fig. 2.1 shows the corresponding dispersion relation. The momentum is 
increased and the curve tilts more. Therefore for a given laser with frequency ωL, the 
PSP at point 2 and point 3 can be obtained. Surface plasmon states can be reached 
experimentally by turning the angle of incidence ( kx,ph=∣kph∣·sin θi ). 
 
There are two kinds of configurations with which the surface plasmons are excited by 
using a high refractive index prism. The first one is the so-called Otto configuration [9], 
as shown in Fig. 2.2 a. There is a distance between the metal and the prism. The space 
is filled with a lower refractive index medium which provides a tunnel barrier. Across 
this tunnel barrier, the evanescent radiation couples from the totally internally 
reflecting base of the prism to the bound surface field of the surface plasmons. 
Experimentally, the resonance is observed by monitoring the reflected light as a 
function of the incident angle. This configuration is useful in the study of PSP in solid 
phase media. However, since the distance between metal and totally internally 
reflecting surface reduces the efficiency of surface plasmon resonance (SPR), it is less 
useful for applications with solutions. In addition, there is a major technical drawback 
to this type of configuration because a gap of approximately 200 nm must be provided 
for the efficient coupling, which is not easily controlled. The second one is the 
Kretchmann configuration [10], as depicted in Fig. 2.2 b. In this configuration, light is 
totally reflected at the interface between a prism coupler and a thin metal layer with 
the thickness of about 50 nm and surface plasmons at the outer boundary of the metal 
by evanescently tunneling through the thin metal layer are excited. In this case, 
surface plasmons are not restricted to two half-spaces anymore. A metal with 
thickness of about 50 nm allows that some of the surface plasmons are coupled out 
through the metal and the prism. This new additional radiative-loss channel can be 
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considered as a minor disturbance to the surface plasmon electromagnetic wave [11]. 
 
The thickness of the metal layer is important. If the metal film is too thin, additional 
damping of the surface plasmon wave will occur due to the radiative loss in the metal 
film and the prism. The resonance dip will become broader. If the metal layer is too 
thick, the tunnel barrier is too large and only little light will couple to surface 
plasmons at the metal / dielectric interface. The resonance dip will become shallow. 





Fig. 2.2 Coupling geometries for high refractive index prism. 
(a) Otto configuration (b) Kretschman configuration 
 
2.1.2.2 Grating coupling 
The phenomenon of anomalous diffraction on diffraction gratings due to the 
excitation of surface plasmon waves was first described in the beginning of the 
twentieth century by Wood [12]. The grooves in the grating surface break the 
translational invariance of the interface and accordingly the wavevector kx,out of the 
outgoing wave differs from that of the incoming wave, kx,in. In case of sufficiently 
shallow gratings (depth << wavelength), the wavevector of the surface plasmon will 
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applied: 
ginxSPx kmkk •±= ,,                                                (2.15) 
kg is the grating wavevector. The period (peak-to peak dimension) and the amplitude 
(peak-to-trough dimension) of the grating determine where the minimum resonance 
angle lies. The overall uniformity of the sinusoidal geometry determines the strength 
of the SPR signal. 
 
Here, we consider the sinusoidally corrugated interface which can be described by a 










jj xjAxzxz ϕ                             (2.16) 
The periodicity of z(x) has a Fourier representation with the amplitude Aj and phase 
jϕ . From the Floquet-Bloch theory, the electric field outside the modulated area due 
to the reflected beam is given by 
( )[ ] ( )[ ]txkiPEtxkiPEtxE mTEmTEmTM
m
m
TM ωω −••+−••= ∑∞
−∞=
expexp),(        (2.17) 
Here, PTM and PTE are orthogonal polarization vectors and mTME  and mTEE are complex 
amplitudes of the electric field. From this equation, additional diffraction orders cand 
be introduced and the wavevector of the m’th diffracted order km is written as  













k                             (2.18) 
 
The z-component of km is derived from the x- and y-components and the dispersion of 
light. Yet, it has to be emphasized that this equation is only valid for locations outside 
the grooves. Only in the case of shallow gratings, it may be used inside the grooves as 
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well [13, 14]. Fig. 2.3 shows the additional contributions to the electromagnetic field that 
arise from the presence of a grating surface. The incident light is diffracted on the 
surface. It produces the propagating modes traveling away from the interface and the 
evanescent modes existing only at the interface. The evanescent modes have 
wavevectors parallel to the interface and are similar to the incident radiation but with 
integer 'quanta' of the grating wavevector added or subtracted. These modes couple to 
surface plasmons, which exist along the interface between the grating and the ambient 
medium. A more complete introduction to the electromagnetic theory of gratings is 









Fig. 2.3 Sketch of the diffraction induced by a grating surface 
 
2.1.2.3 Factors affecting surface plasmon resonance  
So far the theoretical description of surface plasmon and the methods to excite it have 
been presented. In this section, an example of a SPR spectrum is shown and discussed. 
Factors that affect the SPR are addressed and the SPR spectra differences between 
prism and grating coupling are mentioned.  
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reflectivity increases. It can be described by the Fresnel formulae. The reflectivity is 
higher than that of the type of interface in total internal reflectivity because the 
evaporated metal film acts as a mirror to reflect most of the incident light. Above a 
certain angle (the angle of total reflection), the reflectivity reaches a plateau. However, 
the maximum reflectivity never reaches unity since the photon energy is partly 
dissipated in the metal layer. The position of the critical angle only depends on the 
substrate and medium, i.e. prism and water. It is not influenced by any of the 
additional layers. If the resonance occurs and surface plasmons are excited, a dip in 












sin                                         (2.19) 
Here, α is the incident angle inside the prism.  
 
For metals, the imaginary part of the dielectric constant causes the damping. The 




































••+=+=       (2.20) 
After adding the additional layers, the shift of the minimum angle is related to "xk  
and thus is inversely proportional to 'mε . The width of the SPS angular scan is related 
to ''xk and thus is inversely proportional to 2' )( mε . A small imaginary part of the metal 
dielectric constant is favorable, but the real part is more important. An example of this 
is also given in Fig. 2.4. The SPS angular scans by using gold and silver with goldε = 
-12 + i1.2 and silverε = -17 + i0.7 are compared to each other. Clearly, because silver 
has the higher absolute value of 'mε  and the smaller imaginary part, it shows a 
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sharper SPR than that of the gold. However, silver is too susceptible to oxidation 
while gold is very resistant to oxidation and other atmospheric contaminants but is 
compatible with a lot of chemical modification systems. So gold is the mostly used 











Fig. 2.4 SPS angular scans for different metals with and without adsorbed layer 
      (a) gold / (adsorbed layer/) water   (b) silver / (adsorbed layer/) water 
 
Fig. 2.5 shows the shape difference of SPS spectrum by prism coupling and grating 
coupling. For the prism coupling, the actual position of the SPR depends on the 
refractive index and consequently the type of glass of the prism. The slope of the 
dispersion curve of light in a medium depends inversely on the square root of the 
dielectric constant of the materials. Consequently, a higher refractive index of the 
prism will shift the whole spectrum to lower angles of incidence. The shape of the 
SPS spectrum can be calculated by Fresnel formulae. On the other hand, the position 
and shape of SPS spectrum by grating coupling depend on the grating profile. Hence, 
the spectrum varies a little from grating to grating. The position of the angle of total 
reflection is a function of the grating constant. The coupling efficiency is mainly 
determined by the groove depth which is not as easily controlled as the metal layer 
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Fig. 2.5 Comparison of typical SPS angular scan by prism coupling and by grating coupling 
(a) prism coupling (b) grating coupling 
 
Finally, a change of the superphase, i.e. dε  leading to either a drop or an increase of 
the wavevector of the surface plasmon, will result in the signal change. For example, 
the resonance minimum angles in air and in water are different. The former one lies at 
a lower angle than the later one. 
 
2.1.2.4 Addition of dielectric layers 
Because the resonant condition is extremely sensitive to the refractive index of the 
medium adjacent to the metal film, the addition of a thin layer will result in a changed 
SPR and a corresponding shift of the dispersion curve. As can be seen in Fig. 2.4, 
after adding a layer with higher refractive index than that of the reference dielectric, 
there is a shift of the minimal angle. With the same incident light, the dispersion curve 
of the surface plasmon intersects with that of the light line at higher wavevector (point 
3 in Fig. 2.1). Therefore, in SPS spectrum, the minimum is shifted to higher angle. 
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When a dielectric layer is absorbed onto the substrate surface, two parameters are of 
interest, the refractive index (n) and the thickness of the film (d). However, they are 
interrelated for a thin film. In order to separate these two parameters, at least two 
distinct features that are correlated to the additional layer are needed; the SPR only 
provides one. Consequently, only the total effect of parameters (n, d) can be derived. 
Two methods can resolve this problem. Firstly, SPS spectrum can be taken at different 
laser wavelengths. Secondly, the contrast of the experiments can be carried on, i.e. the 
SPRs are measured in at least two solvents with different refractive index. In both of 
the methods, a set of at least two different plot of n vs. d is obtained. The intersection 
of them determines the correct refractive index and thickness of the additional layer. 
In practice, for a polymer thin film, the refractive index is usually known. With 
assumption that this refractive index is independent on the thickness, it is easy to 
obtain the thickness of the film by a simulation program. Here, we also need to 
mention that if the dielectric layer is thick enough, the waveguide mode will be 
excited. In this case, there is no such ambiguity, refractive index and the thickness of 
the film can be determined separately. 
 
2.2 Refractive Index Intensive Variable as Thermodynamic Function 
The refractive index n is defined as the ratio of the speed of light in vacuum and in 
matter. Consequently, it strongly depends on the number and type of molecules that 
are present in the material. Theories describing the refractive index have to contain 
the density in its calculations. When the density decreases, the refractive index has to 
approach the value 1. However, the description of the refractive index gets 
complicated when the density is so high that the molecules start to disturb each other. 
Moreover, temperature or pressure changes might not only have an effect on the 
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density but also have an effect on the molecular properties, which in turn influences 
the speed of light in the material and hence its refractive index. There are two 
different types of models: one type assumes that all microscopic parameters remain 
constant; the other tries to include microscopic parameters into the calculations in 
addition to the density in order to better understand the materials’ response. Theories 
that relate the dependence of the refractive index upon temperature or pressure 
changes only to density changes make such a conclusion that the refractive index is a 
function of the density and the molecular properties of the material. This can be 
expressed as 
n = R·ρ                                                          (2.21) 
Here, the constant R, the specific refraction or refractivity, is a function of the 
property of the material.  
 
Surface plasmon spectroscopy can study the refractive index of the surrounding 
medium, the refractive index of additional layers and the thickness of the layers. If 
temperature or pressure varies, the refractive index and the specific volume of the 
substances under investigation vary accordingly. This section provides an introduction 
to the relationship between the refractive index and the thermodynamic parameters, 
temperature T and pressure p. 
 
2.2.1 Lorenz-Lorentz equation 













ε                                          (2.22) 
Here, N is the density of molecules and kB is the Boltzmann constant. This equation 
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relates the microscopic quantities dipole moment µ and polarizablility α to the 
dielectric constant. 
 
Since the molecules themselves are heavy, they cannot follow electromagnetic 
stimulation above a certain frequency. Thus, the dipole moment part of the Debye 
equation can be neglected for frequencies above approximately 1011 Hz. For optical 
frequencies (1014-1015 Hz), the dielectric constant can be replaced by the square of the 













−                                             (2.23) 
In this equation, the specific volume (v = ρ-1) has been introduced from the equation N 
= NA ρ M-1, where NA is Avogadro’s constant and M is the molecular weight. Typically, 









                                       (2.24) 
It stresses the facts that the microscopic parameters are assumed to be constant and 
that the connection between the refractive index and specific volume is important.  
 
There are other semi-empirical equations which assume that all microscopic 
parameters remain constant, for example the Gladstone-Dale equation [17]: 
constTpvnRGD =•−= ),()1(                                        (2.25) 









                                      (2.26) 
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A great number of publications [19-22] deal with the relation between refractive index 
and specific volume. However, even up to now, only semi-empirical formulae exist. 
For each of the given formulae, experimental data are available that confirm or 
contradict the theory [23]. In fact, all of the given equations just reflect the truth in a 
certain extent. Some publications [24-27] even go further and replace the constant 
refractivity by a virial expansion. However, we will not discuss it further since it is 
not the goal of this work.  
 
In this thesis, the refractivity is considered to be constant. The error accompanied with 
the assumption of a constant refractivity is of the order of ∆n = 10-4 for the pressure 
range employed while the high-pressure SPS has a precision of approximate ∆n = 10-3. 
Therefore, the description of the measured data with one of the given equations is 
sufficient. Here we used the equation (2.24). 
 
In an ideal mixture, the volumes of the individual components add up to the total 
volume and any volume change upon mixing is neglected. Based on the 
Lorenz-Lorentz equation, The refractive index nm of such a mixture consisting of i 
components can be calculated by summation of the refractivity RLL,i of the 















                                               (2.27) 
In case of non-ideal mixtures, the volume fractions of the components have to be 













ρ •==                                                 (2.28) 
Here, pi and pm are the weight fractions of component i of the mixture and Vi and Vm 
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are the respective volumes. In a similar fashion, the other expressions like the 
Gladstone-Dale equation [17] can be extended to mixtures as well. 
 
2.2.2 Tait equation 
For all the semi-empirical equations for the refractive index assumed that the 
temperature and pressure dependences are covered completely by the variation of the 
density, the density has to be established as a function of temperature and pressure. 
For closed systems, the mass is a constant. Thus, the density and density changes can 
be described by volume and volume changes. From the mathematical point of view, 
volume and specific volume are equivalent. In general, the specific volume changes 
with pressure and temperature according to the following equation:  
[ ])()(1),( 0 pkTvTpv ++= α                                          (2.29) 
Here, v0 is the specific volume at standard conditions (p0 = 1.013*105 Pa, T0 = 25 ºC), 
α(T) is the isobaric thermal expansion and k(p) is the isothermal compression. The 
latter two parameters rely on the particular equation of state (EOS) and in the simplest 
case of the ideal gas equation, can be written as  








∂•= = αα                           (2.30) 
and  








∂•= =                           (2.31) 
Here, αT is the thermal expansion coefficient and kp is the bulk compressibility. The 
EOS accurately describes the experimental PVT data, i.e. specific volume as a 
function of temperature and pressure. It can also be used for the calculation of the 
physical properties, such as the thermal expansion coefficient or the compressibility at 
various (T, p) sets. In the case of the refractive index, there are two different types of 
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EOS: empirical descriptions and those based on theoretical considerations. An 
example of the former type is the Tait equation [28, 29]. Although it was originally 
derived to describe the isothermal compressibility of fresh and seawater between 0 ºC 
and 15 ºC, it has been successfully applied to polymers in the glassy, semi-crystalline 
and melt states as well as to liquids [30]. It has a widespread application because of its 
simplicity. After modifications, it can be used to evaluate the relationship between the 
volume and the cooling rate in amorphous polymers [31]. 
 
In the case of the ideal gas equation, the thermal expansion coefficient and the bulk 
compressibility are constant and not coupled. Tait found that the compressibility itself 






pT pp +== )(,κ                                          (2.32) 
Here, C = 0.0894 is a constant [32] and B(T) is called the temperature-dependent Tait 
parameter. For the case of p = 0, the bulk compressibility 0κ  is  
( ) ( )TB
CT =0,0κ                                                    (2.33) 





















pTBCInpTk p κ                      (2.34) 








pInTBpTk p κ                                .    (2.35) 
Inserting this equation into (2.29), we get the Tait equation 
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pInTBTvpTv κ                              (2.36) 
 
2.3 Evaluation of Grating Coupling Experiments 
The mathematics involved in modeling of grating coupling experiments is more 
complex than that for prism coupling experiments. Therefore evaluation of the grating 
coupling experiments and analysis of data are more difficult. Although the 
determination of the thickness of a thin added layer from a grating coupling 
experiment is difficult, the evaluation of a prism coupling experiment is easy with the 
transfer matrix algorithm [34]. If it assumes that the introduction of a coupling of the 
surface plasmon to light does not change its momentum, the momentum change ∆k 
due to an added dielectric layer will be the same for both grating coupling 
experiments and prism coupling experiments [35].  
 
In grating coupling experiments, the excitation of SPR is accomplished by matching 
its momentum with a higher diffracted order of the incident light. In prism coupling 
experiments, a light in a medium with high index has the required momentum. These 
two alternatives are schematically depicted in Fig. 2.6. In the first step, a 
transformation is made from the angle gratingθ of the grating coupling experiment to an 
angle prismθ that would be yield the same wavevector kx in a prism coupling 
experiment in the first diffracted order: 
)sin()sin( 00 prismpxgratingsg knkknk θθ ••==••+                          (2.37) 
Here, ns is the refractive index of the subphase and k0 is the wavevector of the light in 
vacuum.  
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Fig. 2.6 Sketch of two processes to excite a surface plasmon  
by grating coupling and prism coupling 
 
By comparing the rigorous grating theory, it has been found that this evaluation can 
be generally applied to evaluation of the grating coupling experiments with and 
without an additional dielectric layer. For a thickness below 100 nm the error is less 
than 1%. For thicker films, the quality of this evaluation decreases. 
 
2.4 Cyclic Voltammetry 
A potential waveform that is often used in electrochemical experiments is the linear 
waveform, i.e. the potential is continuously changed as a linear function of time. The 
simplest technique that uses this wave form is linear sweep voltammetry. A more 
commonly used variation of the technique is cyclic voltammetry (CV), in which the 
direction of the potential is reversed at the end of the first scan. It provides a 
completely different sight on the processes that occur at the working electrode. The 
waveform is usually an isosceles triangle, as shown in Fig. 2.7 (a). It is a powerful 
tool for the determination of formal redox potentials, detection of chemical reactions 
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Fundamental to all electrochemical methods is the study of the charge transfer at the 
interface between an electrode and electrolyte. The simplest electrochemical redox 
reaction can be described by the following equation [36]: 
Ox + ne- Red                                                  (2.38) 
Here, Ox and Red are the oxidized and reduced form of the molecules under 
investigation and n is the number of transferred electrons. The cyclic voltammogram 
of such a reaction will look similar to the one shown in Fig. 2.7 (b). After the 
establishment of the initially set potential which has to be substantially more negative 
than the reduction potential of the redox pair, a non-faradaic charging current flows, 
which charges the electric double layer at the electrode / electrolyte interface. As the 
voltage is scanned at constant rate in the positive direction, the reduced compound is 
oxidized at the electrode surface and faradaic currents flow. At a particularly set 
potential value, the scan direction is reversed and the material that was oxidized in the 
former scan is then reduced. Once the voltage is returned to the initial value, the 
experiment is terminated. The most important quantities that describe a cyclic 
voltammogram are the peak currents Ip,Ox and Ip,Red as well as the respective peak 
potentials Ep,Ox and Ep,Red. From the peak potentials, the half-way potential E1/2 can be 





+=                                                (2.39) 
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Fig. 2.7 Scheme of the potential wave form and the cyclic voltammogram 
 
In general, there are two different types of current, non-faradaic and faradaic current. 
Non-faradaic currents are solely electrostatic nature and are not connected to any 
electrochemical reaction but rather result from the reorientation of the electrolyte at 
the electrode interface. The charging of the so-called Helmholtz double layer is such 
an example. Faradaic currents summarize processes that comprise an electrochemical 
reaction. According to Faraday’s law, the electric current flowing through the 
electrode due to the application of a potential is proportional to the amount of 
electrochemical reactions at the electrode. The heterogeneous electron transfer is 
given by the Butler-Volmer equation: 












αα                      (2.40) 
Here, i0 is exchange current density, αA is anodic transfer coefficient, αc is cathodic 
transfer coefficient, n is number of electrons and E0 is standard potential.  
 
The exact shape and magnitude of the voltammetric response are governed by the 
processes involved in the electrode reactions. The pathway of the electrode reaction 
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determined by the slowest step in the sequence. Simple reactions involve mass 
transport of the electroactive species to the electrode surface, the electron transfer 
across the interface and the transport of the product back to the bulk solution. The net 
rate of the reaction and hence the measured current may be limited either by mass 
transport of the reactant or by the rate of electron transfer. Depending on the relative 
magnitude of the rate constant of the materials transport kMT and the electron transfer 
constant kCT, two processes can be classified as the following:  
i) When kCT >> kMT, processes where the charge transfer is much faster than the 
material transport are called reversible, in which the overall reaction is controlled 
solely by the rate at which the electroactive species reach the surface. They are 
diffusion controlled. If the system is in equilibrium, the Butler-Volmer equation 









0 +=                                               (2.41) 
Here, Oxc and dcRe  are the concentration of oxide and reductive. In practice, 
complete Nernstian systems are difficult to find because electron transfer between an 
electrode and a redox-active molecule is often quite low. The experiments can be 
made more Nernstian by reducing the scan rate.  
ii) When kCT << kMT, processes where the charge transfer is much slower than the 
material transport are called irreversible. For these processes, the individual peaks are 
reduced in size and widely separated. Totally irreversible systems are characterized by 





















α                         (2.42) 
Here, α is the transfer coefficient, na is the number of electrons involved in the 
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charge-transfer step and D is the diffusion coefficient. Thus, Ep occurs at potentials 
higher than E0 with the overpotential related to k0 and α.  
 
For intermediate cases, called quasi-reversible systems, the current is controlled by 
both the charge transfer and mass transport. The shape of the cyclic voltammogram is 
a function of aDk π/0  (where a = nFv/RT). As aDk π/0  increases, the process 
approaches the reversible case. For small values of aDk π/0  (i. e., at very fast v), 
the system exhibits an irreversible behavior. Overall, the voltammograms of a 
quasi-reversible system are more drawn-out and exhibit a larger separation in peak 
potentials compared to those of a reversible system.  
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Chapter 3   Experimental Methods 
 
3.1 Sample Characterization Techniques 
All variations of the Surface Plasmon Spectroscopy (SPS) set-up discussed in this 
section are based on one fundamental set-up, which is referred to as the standard SPS 
set-up. Starting from this set-up, different extensions will be introduced in the 
respective subsections.  
 
3.1.1 Surface plasmon spectroscopy 
Fig. 3.1 depicts the standard SPS set-up. In general, a He-Ne laser with a wavelength 
of 632.8 nm is used. The mirror is used to compact the set-up and redirect the laser 
beam. The beam is led through an aperture which firstly ensures the operation of the 
set-up with safety and secondly facilitates the alignment of the laser beam. Then, it 
passes through a chopper in order to get a reliable measurement. The chopper is set to 
a reference frequency which is chosen to be a prime number in the kHz range. The 
frequency of the periodically modulated laser light can be separated from other 
frequencies. Next, the laser beam goes through two polarisers. The first one regulates 
the intensity and the second one fixes the plane of polarization, i.e. p-polarization. 
The laser beam hits the sample (prism or grating) mounted on top of the inner table of 
a θ-2θ goniometer. The inner table sets the incident angle θ. The outer table of the 
goniometer adjusts to 2θ to detect the reflected beam. The goniometer is controlled by 
two 5-phase step-motors, which provide a 1º/1000 resolution. In the case of a prism, a 
lens is placed immediately in front of the detector to focus the beam. In the case of 
grating, such a lens is not necessary because it blocks the laser light at crucial angle. A 
lock-in amplifier finally reads out the signal of the detector, which is directly 
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Fig. 3.1 Sketch of a standard surface plasmon spectroscopy set-up.  
The position of the goniometer is symbolized by a prism coupling cell 
 
Fig. 3.2 shows the flow cell with Kretschmann configuration for the excitation of 
surface plasmon. A high refractive index prism is used as coupler [1]. The 
high-momentum photons in the prism couple through a very thin metal layer to reach 
the surface plasmon state. The thickness of the metal layer is about 45 to 50 nm. The 
metal layer is evaporated directly onto a glass slide which is index-matched to the 
base of the prism by the index matching oil. The metal / glass substrate is then 
clamped against the cell, with an O-ring providing a liquid-tight seal. The flow cell is 
then fixed to the 2-axis rotating table. Surface plasmons are excited at the 
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Fig. 3.2 Sketch of flow cell for the excitation of surface plasmon 
 
 
The basic measurement is represented by the resonance spectrum, i.e. normalized 
reflectivity versus incident angle, which is also referred to as angular scan, as shown 
in Fig. 3.3 (a). The angle range of such a spectrum is important. It has to cover the 
angle of total reflection from which the refractive index of the medium can be 
determined and the resonance minimum angle (minimum angle, for short) whose shift 
is usually of interest. A fraction of the maximum angle range needs to be covered in 
order to get a complete surface plasmon spectrum. This fraction depends on the 
refractive index of the prism and the surrounding medium. In the case of grating 
coupling, it also depends on the grating constant and the pitch amplitude.  
 
The second type of measurement is the kinetic scan. In this mode, the changes of the 
refractive index and / or the changes of the film thickness with time are monitored 
when the incident angle is fixed at a given angle, which is depicted in Fig. 3.3 (b). 
The advantage of this type is the high time resolution. In the case that the recording of 
the film formation process is of interest, this kind of mode is especially useful [2]. In 
order to get meaningful data, it is important that the reflectivity around the fixed angle 
is a linear function of the incident angle. Therefore, the fixed angle usually is chosen 
to be in the linearly decreasing part of the resonance spectrum. If some assumptions 
detector laser 
prism 
flow in  flow out 
LaSFN9 glass 
metal layer evanescent wave 
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are fulfilled, the change in reflectivity can be converted into change of the refractive 
index or change of film thickness. Usually, two assumptions are made. Firstly, a 
change of the refractive index as well as a change in thickness of an additional layer 
causes a linear shift of the minimum angle. Secondly, the SPS spectrum does not 
change its shape but only shifts to a different angle.  
 
 
Fig. 3.3 Comparison of angular scan and kinetic scan during adsorption of additional layer 
(a) angular scan   (b) kinetics scan 
 
All necessary equipments are controlled by the computer program “Wasplas” written 
by Andreas Scheller at the Max-Planck Institute for Polymer Research (MPIP), Mainz. 
The obtained spectra are then simulated according to Fresnel formulas in order to 
obtain the thickness and / or refractive indices of the metallic and dielectric layers. 
The calculations are based on the transfer-matrix method, which is implemented in the 
software “Winspall” developed in the Materials Science Group at MPIP.  
 
3.1.2 Electrochemical-surface plasmon spectroscopy 
An extension to the standard SPS is to monitor an electrochemical active interface 
using cyclic voltammetry (CV) in simultaneously doing standard SPS measurement. 
In the Kretschmann configuration, such an SPS cell is shown in Fig. 3.4. The SPS 
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with such a cell is called the electrochemical-surface plamon spectroscopy (EC-SPS) 
[3]. Surface plasmons are excited at the metal-dielectric interface, upon total internal 
reflection of a p-polarized laser light as the same as the standard SPS set-up. The 
metal surface also works as the working electrode at the same time. The 
electrochemical processes on the metal can be detected by either angular scan or 
kinetic scan. During an angular scan, we put a constant potential on the working 
electrode. In a kinetic scan, a potential sweep can be performed. 
 
Fig. 3.4 Electrochemical-surface plasmon spectroscopy (EC-SPS) flow cell 
 
3.1.3 High pressure surface plasmon spectroscopy with an electrochemical cell 
The high pressure SPS with an electrochemical cell was constructed in MPIP with the 
co-operation in University of Osnabrück. It uses the grating coupling mode. It allows 
standard SPS measurements at elevated pressures (max. 50 MPa) and at the same time 
electrochemical experiments can be performed in the same cell.  
 
The standardized cell body is made of high-grade steel (type 1.4057) which is special 
tensile-strengthened. There are four pressure fittings in the cell body for two 
electrodes, a pressure sensor and a temperature sensor, respectively. In order to vary 
the temperature in the cell, there is a heating jacket fitting around the cell body. The 
heating jacket has 4 heating components which are connected with a PT 100 
detector laser 
prism 
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temperature sensor and controlled by a temperature-controlling unit. This unit not 
only controls the heating devices but also measures the temperature and the pressure 
inside the cell. The values obtained from the controller are sent to the computer as the 
feedback. A syringe pump generates the pressure. A pressure sensor that is connected 
to the pump serves as input for the pressure steering device. The pressure sensor can 
probe a maximum pressure of 400 MPa and has an absolute accuracy of ∆p = ±2 MPa. 
The maximum angle range of the set-up is limited by the geometry of the cell. It only 
allows for an angle range of ± [0.5º, 23º] because the detector moves through the laser 
beam between -0.5º and 0.5º and accordingly the beam is blocked during that range. 
 
An advantage of the grating coupling mode is that the surface plasmon resonance is 
close to 0º (normal incidence) which can be easily detected in both negative and 
positive angle ranges. The alignment procedure is easy because the features of an 
angular scan are symmetric to the zero angle position. Experimentally, once the 
alignment is completed, a spectrum can be recorded and the reflectivity, the angle of 
incidence, the parameters of temperature and pressure are collected automatically by 
the computer. 
 
Like the case in EC-SPS, the gold surface of grating coupler also works as the 
working electrode. For the counter electrode, there are two options. One is to use an 
additional gold electrode which is evaporated onto the substrate together with the 
working electrode by means of a mask, as described in Fig.3.5. It is contacted in the 
same way as the working electrode. The more simple approach is to use a 
commercially available high-pressure electrode connector, which is fitted to the cell 
through one of the four pressure fittings. For the reference electrode, it uses a 
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commercial high-pressure electrode connector and occupies another one of the 
pressure fittings. The silver wire working as the reference electrode and platinum wire 
working as the counter electrode are soldered to the respective electrode connector. A 
temperature sensor occupies the third pressure fitting. The fourth pressure fitting is 
used to apply pressure and to fix the pressure sensor. Fig. 3.6 describes the schematics 




  Fig. 3.5 Sketch of an evaporation mask used to evaporate the working  












Fig. 3.6 (a) Sketch of the high-pressure SPS with an electrochemical cell 
(b) Top view of a substrate including the grating etched into the quartz glass  
 
A gold O-ring between the cell body and the thick sapphire window seals the front 
part of the cell. The substrate with the diameter of 15 mm is located in the middle of 
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the cell body. The sample is sealed from the fluid cell which has a very small volume 
(6 mm diameter, 5 mm thickness) by means of a Viton O-ring to avoid electrical 
contact. The gold side of the substrate simultaneously is used as the metal layer 
needed for the SPS measurements and the working electrode for electrochemistry. The 
working electrode is contacted with the electrical wires from the backside of the cell. 
 
3.1.5 Atomic force microscopy 
Atomic Force Microscopy (AFM) is a scanning probe technique. It allows a 
non-destructive three-dimensional picture of the surface with a lateral resolution in 
the 100 pm range and a resolution perpendicular to the surface of 1 nm. Since it does 
not require the surface to be conductive as it in the case of scanning tunnelling 
microscopy, AFM has become a widespread method to characterize surfaces. The 
AFM pictures shown in this work were taken in tapping mode [5]. The cantilever is 
excited slightly below its resonance frequency and the distance to the surface is 
adjusted so that it only touches the surface at its turning point. As the measurements 
are performed in the regime of attractive forces, the resonance frequency for the 
cantilever moves to higher values upon changes in the topography. The resulting 
lower amplitude is balanced by electronics and the feedback converted to a contour 
map. The advantage of the tapping mode is its minimized force on the sample. 
 
3.2 Sample Preparation Techniques 
In the following, the techniques used to prepare and modify samples are presented. 
Because some of the SPS measurements are performed in the grating coupling mode, 
the various steps needed to produce gratings are also described. The techniques 
illustrated include fabrication of gratings, cleaning procedure, thermal evaporation of 
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metal layers, cyclic voltammetry and self-assembly of multilayer films by using the 
Layer-by-Layer (LbL) technique. More elaborate surface modifications that are 
related to the different material systems presented in this work will be discussed in the 
respective section. 
 
3.2.1 Fabrication of gratings  
3.2.1.1 Photolithography 
The main steps to produce shallow gratings (depth-to-pitch ration smaller than 0.1) 
used for SPS by photolithography are shown in Fig.3.7 (a). A thin photoresist film is 
spin-coated onto a quartz glass substrate. After illumination and development, there is 
a surface relief grating left on the photoresist. The optimum development depth for 
etching is reached when the bare glass surface appeared where the intensity maxima 
are located during the illumination process. Usually the development time is kept 
constant at 30 seconds and the illumination time varies until the best result is obtained. 
The photoresist grating is transferred into the glass substrate by means of reactive ion 
etching. A mixture of the reactive CHF3 and Ar is optimized for etching. The etching 
mechanism is a combination of mechanical ablation and chemical etching by the 
radicals of the reaction gases. 
 
The optical set-up used for the gratings preparation is depicted in Fig.3.7 (b). The 
laser beam passes a spatial filter with a subsequent lens to produce a parallel beam 
with an area of a few square centimeters. The homogeneously illuminated inner area 
of the beam is partly directed onto the sample and partly reflected from a mirror onto 
the sample. Depending on the phase difference between these two light paths, there is 
either constructive or destructive interference on the sample. Ideally, the intensity 
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laser=Λ                                                        (3.1) 
The angle θ  is defined as the angle between the optical axis and the normal to the 



















Fig. 3.7 (a) Fabrication procedure of shallow surface gratings 
        (b) Optical set-up used to fabricate holographic gratings 
 
 
3.2.1.2 Hot embossing lithography 
The hot embossing lithography (HEL), also known as nanoimprint lithography, is 
essentially the stamping of a pattern into a polymer softened by raising the 
temperature of the polymer above its glass transition temperature [6]. It has several 
advantages over other fabrication techniques [7]. In comparison with optical 
lithography, it is not limited by the diffraction of light and thin resist films can be 
patterned down to 10 nm. It is a fast method with low cost for the parallel replication 
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structures can be produced. 
 
The thin thermoplastic film is spin-coated onto the substrate and used as a resist. The 
substrate is then heated above the glass transition temperature Tg of the polymer. Then 
the polymer film is shaped by pressing the master onto the surface. As the 
thermoplastic film is compressed, the viscous polymer is forced to flow into the 
cavities of the mould so that it conforms exactly to the surface relief of the stamp. The 
temperature and the time of embossing must be chosen so that the polymer can 
completely fill the cavities of the stamp during embossing. Once the polymer has 
conformed to the shape of the stamp, it is cooled to a temperature below Tg so that it 
is sufficiently hard to be demoulded.  
 
Before pressing the master onto the substrate, an anti-adhesive layer is applied to the 
surface of the stamp in order to lowers its surface energy, for example, 
dimethyledichlorosilane. This prevents adhesion of the embossed polymer film to the 
stamp surface so that several replications can be made with a single stamp. With an 
anti-adhesive layer, over 50 replica structures can be embossed and adherence of 
polymer film to the stamp has not been observed [7]. In this work, the complete 
preparation of the embossed gratings was carried out with a self-designed set-up in 
MPIP.  
 
3.2.2 Cleaning procedure 
Residual organic coatings on the sample can be removed by the solution (H2O2 and 
H2SO4 in the ratio 1:2). Old gold film is easily removed by an iodine solution (40 g 
iodine, 40 g potassium iodide and 100 ml MilliQ water). If a chromium adhesion layer 
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is used, it can be removed in a solution of ammonium cerium (IV) nitrate (99%, 12 g 
in 50 ml water). After all organic or metal coatings have been removed, the sample is 
further cleaned by the following procedure: 
-  rinsing in purified water (MillQ, Millipore) for ten times 
-  cleaning in an ultrasonic bath with a solution of 2% detergent (Hellmanex, Hellma) 
in MilliQ water for 15 minutes 
-  rinsing in purified water for 15 times 
-  cleaning in an ultrasonic bath with ethanol for 5 minutes 
-  Drying of the glass sample in a flow of nitrogen gas 
 
3.2.3 Thermal evaporation of metal layers 
The metals needed for SPS measurement are thermally evaporated onto the substrates 
in a commercially available evaporation chamber. For prism experiments, the Au 
layer thickness is between 45 and 50 nm. For substrates with gratings, a thickness of 
Au layer exceeding 150 nm is used in order to consider the metal thickness as 
infinitely thick in the optical analysis. In both cases, the evaporation starts at a 
vacuum pressure of about 5*10-4 Pa and the evaporation rate is set to 0.1 nm/s. In 
order to enhance adhesion of gold at the surface, a thin intermediate layer of 
chromium (2 nm, 99.9%) is evaporated first. 
 
3.2.4 Cyclic voltammetry 
The typical cyclic voltammetry experiment is conducted in a three-electrode cell. The 
cell consists of a working electrode on which the reaction takes place, a counter 
electrode that closes the electrical circuit and a reference electrode that is a 
current-free electrode and serves to measure the voltage between itself and the 
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working electrode. The counter electrode is chosen to be a so-called non-polarisable 
electrode, like Pt-electrode, which allows charge transfer to take place in a wide 
potential range. The reference electrode is the second kind of non-polarisable 
electrode, which keeps a constant potential. In this work, the Ag / 0.1M AgNO3 in 
acetonitrile reference system or Ag wire is chosen to work as the reference electrode. 
The former is used in the electropolymerization of polybithiophene and the latter is 
used in the study of the PANI / SPANI system.  
 
Prior to each measurement, the solutions are purged with dry nitrogen to remove 
residual oxygen. The electrochemical cell is cleaned with a 2% hellmanex solution in 
an ultrasonic bath for at least 20 minutes, followed by thorough rinsing with MilliQ 
water. Before each measurement, the platinum counter electrode is immersed in 
piranha solution which is a 3:1 mixture of sulfuric acid and 30% hydrogen peroxide in 
order to remove any organic contaminant. The silver wire reference electrode is 
cleaned with ethanol by polish. 
 
3.2.5 Layer-by-Layer self-assembly process 
The Layer-by-Layer (LbL) self-assembly process is used to fabricate molecularly 
controlled ultrathin multilayer films, as initially reported by Decher [8]. The adsorption 
process involves alternate deposition of polycations and polyanions from solution. 
Using this simple polymer adsorption process, it is possible to fabricate uniform thin 
films with the thickness between 40 Å and 2000 Å. By controlling the solution 
parameters, such as surface charges and polymer combination, superlattice and 
supramolecular structures of alternately charged polymer have been reported. 
Multilayer structures composed of polyions are fabricated as schematically outlined in 
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Fig. 3.8.  
 
Fig. 3.8 Schematic process of the LbL deposition process  
 
In this work, polyaniline and sulfonated polyaniline are used as the polycation and 
polyanion, respectively. The process involves the functionalization of the substrate, 
followed by the repeated dipping of the functionalized substrate into the polyaniline 
solution and sulfonated polyaniline solution, with rinsing between each polyions 
deposition step. The driving force in the self-assembly process is the electrostatic 
attractions between polyaniline and sulfonated polyaniline. 
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Chapter 4   Electropolymerization of Bithiophene 
 
The evaluation of film formation and the electrochemical properties of conducting 
polymers are important because of their varied applications such as battery 
electrodes[1], electrochromic displays [2], light-emitting devices [3,4], biosensor [5-8] and 
so on. Electrochemical methods are very useful in the investigation of conducting 
polymers. Several techniques have been used in combination with cyclic voltammetry 
(CV) for the in situ investigation of electrochemical processes in conducting polymer 
films [9-13]. In this section, the combination of surface plasmon spectroscopy (SPS) 
with CV is used to simultaneously investigate the electropolymerization process and 
the optical and electrochemical properties of polybithiophene films on a planar gold 
electrode. 
 
Because of good characteristics, such as its stability and its lack of toxicity, 
polythiophene is an excellent candidate for synthetic metals. Polythiophene and its 
derivatives have been the subjects of research for many years. They can be 
synthesized chemically by polycondensation reactions [14, 15] as well as by 
electropolymerization [16-18]. Besides thiophene, one may also start with bithiophene, 
terthiophen or higher oligomers of thiophene in order to prepare polymers with 
thiophene systems, but with different properties, especially with regard to the 
electrochemical behavior. The properties of polythiophene can be influenced by the 
supporting electrolyte [19], the working electrode preparation method [20] and 
molecular weight[21]. Therefore, materials with tailor-made properties can be designed 
for selective applications.  
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4.1 Experiments 
The electropolymerization of bithiophene was performed by applying a cyclic sweep 
from 0 V to 0.95 V then back to 0 V in acetonitrile with 0.1 mol/L bithiophene 
monomer and 0.1 mol/L LiClO4. This potential range was set intentionally in order to 
maximize the amount of deposited polymer and obtain surface plasmon resonance 
(SPR) for several deposition cycles. Otherwise, the SPR would become shallow even 
after the first cycle. After getting a polymer film on the working electrode, the 
substrate with a polymer film was removed to the acetonitrile solution with 0.1 mol/L 
LiClO4 in order to further investigate the p-doped state polybithiophene and the 
stability of the film. SPS angular scans were taken at several fixed potentials. Then 
during the SPS kinetic scan, the potential was swept from -0.3 V to 0.8 V and back to 
-0.3 V for three times with sweep rate of 20 mV/s. All chemicals were used as 
received.  
 
All potentiostatic and CV experiments were performed with a conventional 
three-electrode cell. The Au / Cr / glass substrate was used as the working electrode; a 
platinum wire was used as the counter electrode and an Ag / 0.1 M AgNO3 in 
acetonitrile was used as the reference electrode. All the potentials were controlled by a 
potentionstat (Princeton Applied Research 263A, EG & G). 
 
4.2 Results and Discussions 
4.2.1 Reference solution 
The bare gold surface was characterized electrochemically and optically first as the 
reference for the electropolymerization experiments. Fig. 4.1 shows the simultaneous 
records of the cyclic voltammograms and the SPS kinetic scan for the Au electrode 
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surface in the acetonitrile with 0.1 mol/L LiClO4. The cyclic sweep was from 0 V to 
0.95 V and then back to 0 V. No redox reaction is observed in this potential range. The 
SPS reflectivity increases in the anodic scan and decreases in the cathodic scan. This 
behavior has been also reported by another group [22]. The total shift of the reflectivity 
after the cyclic sweep has also been found by other groups [23-25]. It is due to the 
adsorption of anions onto the electrode surface. The change of the electron density 
results in the dielectric constant change of Au in the vicinity of its interface to the 
electrolyte. However, compared to the changes of reflectivity after formation of a 
polymer layer, this effect can be neglected.  
Fig. 4.1 SPS kinetic scan and cyclic voltammogram for reference solution 
 
Fig. 4.2 shows the corresponding SPS angular scans of this reference solution taken 
after the cyclic sweep. The minimum angle shifts slightly after the first cycle and 
afterwards there is almost no change in repeated cycles. It seems that after the first 
cycle the surface becomes rough, which is confirmed by the fact that the current at 
0.95 V also decreases with the cycle number of cyclic sweep.  
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4.2.2 Electropolymerization process of bithiophene 
The dynamics of the polymer growth by electropolymerization is explained in Fig. 4.3 
[26]: At the beginning, one electron is removed from the monomer molecule, i.e. the 
monomer is oxidized. The resulting radical cation encounters another radical 
monomer or oligomer (reaction a in Fig. 4.3). Alternatively, the radical cation reacts 
with a neutral monomer molecule (reaction b in Fig. 4.3) and two α-hydrogen atoms 
are then split off as protons. This process is repeated. At the same time, the polymer 
chains are also oxidized and obtain electro-neutrality through the counter ion, e.g. 
ClO4- from the electrolyte. The polymer has good electrical conductivity and acts as a 
new electrode surface. For example, polyaniline doping with strong acid yields 
protonated emeraldine with typical conductivities of about 100 Scm-1. The electrical 













































Fig. 4.3 Scheme of polymer growth by electropolymerization with thiophene as the monomer[26] 
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4.2.2.1 Cyclic voltammograms 
Fig. 4.4 shows the cyclic voltammograms of 0.1 mol/L 2,2’-bithiophene and 0.1 
mol/L LiClO4 in acetonitrile solution for five cyclic sweeps. The potential range was 
the same as that in the reference solution. Fig.4.4 (a) shows the cyclic voltammograms 
of different cycles. The increasing current with successive cyclic sweep is related to a 
continuous increase in film thickness. Fig. 4.4 (b) shows a plot of charge versus time 
for the same processes as that in Fig. 4.4 (a). It is simply the integral of those cyclic 





























Fig. 4.4 Cyclic voltammograms of electropolymerization of bithiophene 
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Fig. 4.5 shows the cyclic voltammograms of the electropolymerization of the 
bithiophene in the first cyclic sweep. It shows a classic nucleation loop behavior, 
which is consistent with the literature before [27-29]. This indicates that nucleation is a 
prominent effect in the growth of the film. Ricardo and Daniel [29] used 
Electrochemical Quartz Crystal Microbalance to study polythiophene film growth, 
redox cycling and charge trapping. According to their study, the process of 
polybithiophene film growth requires that oligomers with sufficient size must be 
formed prior to the initiation of deposition and the solubility of the oligomers is much 










Fig. 4.5 Cyclic voltammogram of electropolymerization of bithiophene  
in first cyclic sweep 
 
4.2.2.2 Angular-dependent scan of SPS 
Although Dishner et al [30] observed the formation of a self-assembled monolayer of 
thiophene on an Au (111) surface by scanning tunneling microscopy, the bithiophene 
would not interact with the gold surface from our observation. Fig.4.6 shows the SPS 
angular scans, which were measured in acetonitrile solution before and after the 
immersion of the substrate in 0.1 mol/L bithiophene solution. There is no shift of the 
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minimum angle as shown in the inset of the Fig. 4.6. This is consistent with the 
theoretical work [31]. Christensen et al [32] used Fourier Transform Infrared 
Spectroscopy (FTIR) to study polythiophene deposition and redox cycling. They also 
found that the thiophene monomer did not adsorb on Au surface. This is in support of 












Fig. 4.6 SPS angular scans taken in solution with and without bithiophene monomer 
 
Fig. 4.7 shows a series of SPS angular scans taken after each cyclic sweep. Clearly, an 
angular shift of the minimum angle can be seen, which corresponded to an increase of 
the polymer deposition.  
 
Because the SPS angular scan only provides one minimum angle, only a set of 
parameters of the adsorbed layer, thickness and refractive index of the film, can be 
extracted from it. As we have mentioned before, we cannot separate these two factors. 
In order to solve this problem, the refractive index of the polybithiophene film was 
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assumed as 2.3 + i0 [33]. The thickness of the film was calculated from the Fresnel 
formulas by Winspall simulation software. The result is plotted in Fig. 4.8. Through 
the polynomial fit, the relationship between thickness and cycle number of cyclic 
sweeps can be expected as y=0.0357+2.8093x+0.5536x2. Here, y means thickness and 


































Fig. 4.8 Plot of polymer layer thickness vs. cycle number of cyclic sweep 
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4.2.2.3 Time-dependent scan of SPS 
In addition to the data that can be deduced from SPS angular scans, the 
time-dependent scan of SPS allows for the intensive study of the processes at the 
surface when the potential is varied. 
 
The modification of conjugated polymers leading to a change in the electrical 
conductivity is called a “doping reaction”. It involves chemical and electrochemical 
oxidation or reduction of the polymer backbone with simultaneous insertion of 
charge-compensation ions called “dopant ions” or “counter ions” [26], as described in 
Fig. 4.9. Doping is usually performed in two ways [34], n-type doped and p-typed 
doped. Electrochemical doping is carried out by the electrochemical synthesis of the 
polymer in a solvent containing the dopant. This allows an easy control of the doping 
rate and the amount of the dopant. After doping, the material still contains solvent 
molecules. Chemical doping is carried out by exposure of the clean film material to 
the doping gases. The doping rate and the amount of dopant cannot easily be 
controlled. Also, a suspension of the solid polymeric material in a solvent can be 
doped by dissolved reagents. 
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The electrochemical doping process of a polythiophene film with ClO4- proceeds as 
follows [35]: if an ion penetrates into the polymer, it promotes a movement of the 
polymer molecules, favoring penetration of ClO4- further. The movement and ionic 
penetration proceed on the surface in a sigmoidal fashion and the electrical 
conductivity of the film increases. A computer simulation of the dopant migration in 
conducting polymers [36] indicates that the ion migration depends on (i) the electrical 
field due to the applied potential difference, (ii) the redox potential gradient in the 
conducting polymer due to an uneven dopant distribution and (iii) the dopant gradient.  
 
Fig.4.10 presents the kinetic scan of SPS for each cyclic sweep respectively. In the 
anodic scan of the 1st cycle, the SPR reflectivity first rises slightly and then its slope 
becomes steep at about 0.9 V. The first section resembles the behavior of a plain metal 
surface in an electrolyte solution. The shift of the reflectivity is attributed to the 
adsorption of anions onto the electrode surface and accordingly a change of the 
electron density. Therefore the dielectric constant of Au changes in the vicinity of its 
interface to the electrolyte. The second section is related to the start of the oxidation 
process of the bithiophene at the electrode surface. As we have mentioned before, the 
process of polybithiophene film growth requires that oligomers of sufficient size must 
be formed prior to the initiation of deposition and that the solubility of the oligomers 
is much lower in the neutral than in the p-doped state. Rapid oxidation and some 
precipitation of the polymer in the p-doped state occur in this section. In the cathodic 
scan, reduction of the formed and mostly still soluble polymer takes place, followed 
by further precipitation of the neutral and less soluble material and anion dedoping. 
The reflectivity slope changes at c.a. 0.5 V, which is close to the reduction peak. The 
increase of the reflectivity after this section is due to the polymer deposited on the 
Chapter 4 Electropolymerization of Bithiophene 
 - 55 -
electrode surface.  
 
The major feature of the anodic scan of the second cycle is the anion doping of the 
polymer, which is equal to swelling. A change of the refractive index of the material 
leads to a drop of the reflectivity. Above 0.9 V, the oxidation starts because the rising 
reflectivity and current can be seen. However, after the reduction, the reflectivity rises 
rather drastically as compared to the first cycle. This is explained by the reason that 
the high level oligomers formed in the 1st cycle and still dissolved in solution pass the 
critical length and hence deposit onto the electrode surface. 
 
The SPS kinetic scans of the third, fourth and fifth cycle resemble that of the second 
cycle: a decrease of reflectivity with anion doping, a rather intense oxidation section, 
a pronounced reduction due to formation of polymer and an anion dedoping which is 
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Fig. 4.10 SPS reflectivity and current vs. potential during each cyclic sweep  
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4.2.3 p-Doped State 
The doped and undoped states of the polybithiophene film can be observed by SPS at 
different fixed potentials, which are shown in Fig. 4.11. Clearly, at 0.6 V, 0.7 V and 
0.8 V, the minimum angle shifts to lower angle and SPS spectra broaden. In the case 
of the reference solution as shown in Fig. 4.12, there is no such shift. Under these 
potentials, the polybithiophene films are corresponding to the p-doped state. By 
doping with the anion, the ions enter into the polymer as does solvent. Mass changes 
in polybithiophene could be observed by QCM [29]. The result is a swelling behavior. 
Usually, if the polymer film is swelling, the thickness and refractive index of the film 
will change. The shift of the minimal angle is the interaction of these two factors 
which behave in opposite direction during swelling. The thickness increases, which 
makes the minimum angle shift to higher angle. The refractive index decreases 
because of the decreased density, which makes the minimum angle shift to lower 
angle. However, in the case shown in Fig. 4.11, we believe that the refractive index 
change of the film contributes to the shift of the minimum angle more than the 
thickness change does. The shifts to lower angles imply that the refractive index of the 
film in the p-doped state is lower than that in the undoped state. At other potentials, 
they are corresponding to the undoped state. Therefore, there is no shift of the 
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Fig. 4.12 SPS angular scans of bare gold surface at different fixed potentials 
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Fig. 4.13 shows SPS kinetic scan and cyclic voltammogram for p-doping (oxidation) 
process of polybithiophene by EC-SPS. The hysteresis is observed. Feldberg and 
Rubinstein [37] proposed a model for such unusual quasi-reversible (UQR). The 
hysteretic behavior is based on phase transformations that accompany the redox 
process. It seems that the insertion of anions during the p-doping process is 










Fig. 4.13 p-doping process of polybithiophene in acetonitrile with 0.1 mol/L LiClO4 
 
Mastragostino and Soddu [38] studied the polybithiophene n-doped by 
tetrabutylammonium salts in acetonitrile and the results showed that the n-doped 
polybithiophene was strongly dependent on both the solvent properties and the 
counter ion size. The CV data gave evidence of the following differences between n- 
and p- doped polybithiophene: 
1) The n-type doping level was less than that of p-type doping. 
2) The efficiency of n-type doping was lower than that of p-type doping. 
3) The activation phase of n-type doping was longer than that of p-type doping. 
4) The n-type doping process exhibited more kinetic limitation than the p-type doping 
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process, presumably due to diffusion of counter ions in the polymer. 
 
4.2.4 Reversibility of polythiophene film 
For all practical purposes, the reversibility of the conducting polymer are important. 
The oxidized (doped) form of polybithiophene can be reduced (undoped) reversibly 
by controlling the potential on the electrode. Fig. 4.14 shows the simultaneous 
observation of the SPS kinetic scan and current change during the repeated cyclic 
sweeps between -0.3 V and 0.8 V in acetonitrile with 0.1 mol/L LiClO4 for three times. 
There is almost no change in reflectivity and current, which indicates that the film has 

























Fig. 4.14 Simultaneous observation of SPS kinetic scan and current change  
during the repeated cyclic sweeps  
 
4.3 Summary  
 
Our studies have demonstrated the possibility of performing a combination of SPS 
and CV for in situ investigation of electrochemical processes of conducting polymers 
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on a flat electrode. The SPS minimum angle did not shift after immersing the 
substrate in the 0.1 mol/L 2, 2’-bithiophene monomer solution. That indicated that the 
2,2’-bithiophene did not interact with the gold surface to form a self-assembled 
monolayer, which was consistent with the literature and theoretical calculations. An 
angular shift to higher angle was observed after the cyclic sweeps, which meant a 
deposition of the polybithiophene film on the electrode surface. The SPS kinetic scan 
was correlated with the cyclic voltammogram to detect in situ the 
eletropolymerization process. In the first cycle, the increase of the roughness mainly 
contributed to the reflectivity increase. In the following cycles, the SPR reflectivity’s 
increase was due to the aggregation of polybithiophene film on the electrode surface. 
The anion doping and dedoping processes during the electropolymerization at the 
electrode surface were observed. During the anodic scan, the reflectivity’s decrease 
was the result of the anion doping, which was equal to the swelling of the polymer 
film. The slope change in the cathodic scan was due to the dedoping of the anion. 
After putting the sample into the monomer free electrolyte solution, the p-doped state 
of polybithiophene was investigated. The doping caused the SPR reflectivity to 
decrease and dedoping recovered the process. After redox cycling for three times, 
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Chapter 5   Polyaniline / Sulfonated Polyaniline Multilayer 
Film Under Elevated Pressure 
 
5.1 Introduction 
The effect of pressure on the optical and electrical properties of polymers used in 
electronic devices and sensors is very valuable for the further understanding of 
electronic phenomena [1]. There have been only limited pressure studies involving 
these problems[2-7]. High pressure electrochemistry, particularly the characterization of 
electrode surfaces covered with adsorbed molecules or polymers is a field with a wide 
range of research opportunities. 
 
Conjugated ultrathin polymer films can be realized by using the Layer-by-Layer 
self-assembly method [8,9]. The evaluation of the films formation and the 
electrochemical properties of such films are important [10] because understanding the 
properties of these films deposited on an electrode surface is of great value for device 
applications, such as light-emitting diodes and electrochemical-based sensor [11-18]. 
Polyaniline is one of the most studied conducting polymers due to its attractive 
properties, such as ease of synthesis, cheapness, electrochemical properties. It is a 
good candidate for many potential applications, for example, battery electrodes, 
electrochromic or electronical devices and the matrix for the immobilization of 
enzymes in biosensors [19-25]. 
 
In this chapter, the optical and electrochemical properties of ultrathin polyaniline / 
sulfonated polyaniline (PANI / SPANI) films at elevated pressure were investigated by 
high pressure surface plasmon spectroscopy with an electrochemical cell. After a 
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description of the experimental procedure, the results are presented and discussed. 
Because gratings are used as the surface plasmon coupler in the experiments, they 
must be fabricated and their profiles need to be characterized first and accordingly the 
gratings fabrication and characterization of their surface profile also constitute part 
content of this chapter.  
 
5.2 Experimentations 
5.2.1 Grating fabrication by photolithography  
Positive photoresist S1805 was mixed with thinner. The spin-coating speed was 2000 
rpm for 6 seconds and then 5000 rpm for 30 seconds. The thickness of the spin-coated 
photoresist film was about 100 nm. After spin-coating, the substrates were placed in 
the oven at 95 ºC for 15 minutes in order to let solvent evaporate. Because the laser 
used for grating fabrication was a UV laser with the wavelength of 325 nm, the angle 
between the optical axis and the normal to the substrate surface was adjusted to 18.96º 
in order to get gratings with the grating constant Λ = 500 nm. The etching condition 
was the following: pressure / 30 mtorr, power / 225 W, gas1 / CHF3 (flow rate of 25 
sccm) and gas2 / Ar (flow rate of 25 sccm). Under this condition, the etching rate was 
about 50 nm/min.  
 
5.2.2 Grating fabrication by hot embossing 
Polymethylmethacrylate (PMMA) with molecular weight of 350,000 was used as the 
resist material. The thin polymer films were produced by dissolving PMMA powder 
in chloroform and spinning the PMMA solutions onto the quartz glass. After 
spin-coating, the substrates were baked in the oven at 100 ºC for 1 hour. The thickness 
of PMMA films varied with the concentration of the PMMA solution. The cleaned 
master grating was firstly immersed in the dimethyledichlorosilane which was used as 
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the anti-adhesive agent for 30 minutes and then rinsed with ethanol. After drying by 
nitrogen gas, the master grating was mounted to the holder of the hot embossing 
set-up. As the glass transition temperature of PMMA is 95 ºC, firstly the substrate and 
master grating were heated to 90 ºC. Then the master grating was pressed onto the 
substrate, followed with increasing the temperature to 160 ºC. After keeping the 
temperature at 160 ºC for 30 minutes, the system was cooled down to room 
temperature. At last, the substrate was demoulded from the master grating. It was 
found that the application of a vacuum during embossing was not necessary [26].  
 
5.2.3 Polycation and polyanion preparation 
The chemical structures of the polyelectrolyte materials employed in the LbL 










Fig. 5.1 Molecular structures of employed PANI and SPANI 
 
The emeraldine base form of polyaniline was dissolved in dimethylacetamide (DMAc) 
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ultrasonicated for about 8 hours. The solution had fine particulates (presumably 
crystalline polyaniline) which were removed by filtering the solution through a 0.7 
µm glass filter. The polyaniline dipping solution was prepared by slowly adding one 
part (by volume) of the filtered polyaniline solution to nine parts of MillQ water that 
had a pH value between 2.5 and 2.6. It must be careful to avoid the pH value below 
2.5 or above 4.0. Otherwise there would be precipitation of the partially doped 
polyaniline. The solution was filtered through a 0.45 µm glass filter just before use. 
The molarity of the polyaniline solution (emeraldine base) was based on the repeated 
unit containing two aniline structural units. The sum of a benzene ring, an amine unit, 
a quinoid ring and an imine unit gives the repeated unit molecular weight of M = 181. 
The polyaniline dipping solution was typically used within 2 days of preparation. The 
sulfonated polyaniline aqueous solution (5%) was purchased from Aldrich and then 
diluted into 0.001 mol/L, based on the repeat unit molecular weight of M = 261. The 
pH value was also adjusted to about 2.6 by hydrochloric acid (HCl). 
 
5.2.4 Layer-by-Layer Adsorption 
The 2 nm thick chromium film and 150 nm thick gold film were evaporated onto a 
quartz glass with a grating surface. The adsorptions of the polyanion and polycation 
were performed by following the LbL approach [27]. The substrate surface was 
functionalized by immersing the substrate in an ethanol solution with 
3-mecapto-1-propanesulfonic acid, sodium salt (0.001 mol/L) for 1 hour and rinsing 
with ethanol; this would cause the substrate surface to have a uniform negative 
charged. This negative charged thiol / Au / Cr / glass substrate was immersed in dilute 
HCl solution for a few seconds prior to the LbL adsorption. Then the substrate was 
alternately immersed in aqueous solutions of the polyaniline and sulfonated 
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polyaniline for 15 minutes until the desired layer number was achieved. Between each 
deposition, the substrate was rinsed with MilliQ water whose pH value was adjusted 
to 2.7 by HCl. The immersion time was typical for most procedures reported in the 
literature [28-30].  
 
5.3 Results and Discussions 
5.3.1 Characterization of gratings 
The parameters that determine the optical response of a metal grating without 
additional layers are the grating constant Λ, the dielectric constant of the metal mε  
and the grating profile which can be expressed as a Fourier sum with phase iϕ and 
amplitude Ai. Most simply, the grating profile can be characterized by AFM. The 
grating constant is easily determined in the “Littrow mount” which is defined as the 
position of the grating where the 1st diffracted order is propagating back in the 
direction of the incident beam. In this case, the grating constant can be calculated 
from the Littrow angle Litθ  by the following equation: 
)sin(2 Litθ
λ
•=Λ                                                     (5.1) 
Here, λ denotes the wavelength of the incident light.  
 
5.3.1.1 Grating fabricated by photolithography 
Since lasers have become easy to handle, it is possible to carry out the optical 
experiments with high precision, for example, photolithography. Details about the 
grating preparation by this technique have been described before. In this work, two 
kinds of grating profiles were fabricated on photoreist by photolithography. One of 
them was not used for etching; the other one was used for etching. 
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Fig. 5.2 presents the surface profile of a grating not used for etching. Fig. 5.2 (a) 
shows the grating profile on the photoresist without evaporation of metal. It can be 
seen as a sinusoidal profile which is favorable for the surface plasmon coupling. Fig. 
5.2 (b) shows the grating profile on the photoresist after the thermal evaporation of 
metal. Compared with Fig. 5.2 (a), the grating profile is still kept in a sinusoidal shape. 
So the thermal evaporation process of metal did not destroy the grating profile.  
 
For those samples which will be etched. The optimum illumination and development 
conditions are reached when the bare glass surface appears, where the intensity 
maxima are located during the illumination process. Fig. 5.3 (a) shows the surface 
profile of a sample which would undergo the etching procedure. In this case, the 
surface profile is not a sinusoidal shape any more. After transferring the grating 
profile to the glass by etching, the grating surface profile was changed. Usually a 
trapezium shape was observed, as shown in Fig. 5.3 (b). 
 
The surface plasmon coupling efficiency of the grating which was used in the later 
experiments was characterized experimentally. The SPR reflectivity in different media 
was recorded, as shown in Fig. 5.4. For the etched gratings whose coupling efficiency 
is 85% in air and 76% in water, the SPS minimum angle cannot go as low as zero in 
air or in water. For the gratings on photoresist which were not used for etching, the 
SPS minimum angle can go as low as zero in air with a coupling efficiency of 96%, 
while the reflectivity of minimum angle increases a little and the spectrum becomes 
broad in water with a coupling efficiency of 86%. From these results, we can see that 
a sinusoidal profile is favorable for the grating used as surface plasmon coupler. 
However, these coupling efficiency in different media are good enough for the later 
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experiments. 




















































Fig. 5.2 AFM of grating profile on the photoresist before and after evaporation of metal 
layer (a) before evaporation (b) after evaporation 
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Fig. 5.3 AFM of grating profile before and after etching  
(a) before etching (b) after etching 
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Fig. 5.4 SPS angular scan in different media by using the grating as coupler 
(a) etched grating   (b) grating on photoresist 
 
 




































Incident angle θ ⁄ °
 in air
 in water
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5.3.1.2 Grating fabricated by hot embossing lithography 
With the advancement in the technology to manufacture nanostructures on large 
surfaces, new lithography methods have been developed based on imprint processes 
[31]. Best results have been achieved with hot embossing lithography, where a thin film 
of thermoplastic polymer is structured by means of a hard master [32]. Details of this 
method have been described in Chapter 3. It exploits the difference in the 
thermo-mechanical properties of the hard master and the thermoplastic polymer film. 
In our study, we use this method to fabricate gratings. It is an easier and faster way to 
get parallel grating structures than the photolithography.  
 
The thin polymer film will undergo a squeezed flow if it is compressed between the 
master and substrate. In the case of gratings, the specific area which contributes to the 
filling of a single cavity is limited by the structure density or the distances between 
the cavities. Firstly, the thinner the polymer film is, the easier the polymer film 
adheres to the master. Secondly, according to the experiments of Heyderman et al [33] 
and theoretical considerations [34], the time to fill the cavities is inversely proportional 
to the square of the thickness of polymer film. So a thick polymer film is favorable for 
this technique.  
 
The first step was to determine the concentration of PMMA solution at a fixed 
spin-coating speed and time in order to get a homogeneous polymer film as thick as 
possible. We fixed the spin-coating condition with firstly 1000 rpm for 6 seconds and 
then 3000 rpm for 30 seconds. Fig. 5.5 shows the thickness varies with the 
concentration of the PMMA solution under this spin-coating condition. It can be seen 
that the thickness increases with increasing concentration. However, if the 
concentration is more than 90 mg/ml, there is almost no change in polymer film 
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Fig. 5.5 Spin-coated PMMA film thickness vs. concentration of the solution 
 
Fig. 5.6 shows the AFM pictures of the master grating and the imprinted grating 
surface profiles. Clearly, the transformation of the grating profile from the master 
grating to the PMMA film is successful. However, it can be seen that the whole area 
of the imprinted grating is rougher than that of the master grating. This phenomenon 
is due to the reasons that the PMMA film is too thin and the grating constant is small. 
As we have mentioned above, the PMMA film will undergo a squeezed flow above 
the glass transition temperature if pressure is put on the substrate. The mass flow is 
not totally uniform and thus it is difficult to get a homogeneous profile. Another 
possible reason is that some part of the polymer film adhered to the master grating 
although the anti-adhesive agent is used to prevent this. When the substrate was 
demoulded from the master, the profile was damaged a little.  
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Fig. 5.6 AFM of imprint grating surface by hot embossing lithography  
(a) master grating  (b) imprinted grating 
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5.3.2 Investigation of PANI / SPANI film under elevated pressure 
The goal of the measurements presented in this section is to study the optical and 
electrochemical properties of an electroactive ultrathin film. For this purpose, the 
PANI / SPANI multilayer film fabricated by the LbL technique was deposited onto a 
gold surface as an electroactive film system in neutral environment.  
 
5.3.2.1 Layer-by-Layer self-assembly process 
A series of SPS angular scans were taken after each polyelectrolyte bilayer adsorption, 
as shown in Fig. 5.7. These scans were in situ measured after each deposition of 
bilayer in a flow cell. Shift of the SPS minimum angle is observed. This indicates a 
continuous deposition of PANI / SPANI film on the gold surface. As the SPS angular 
scan just has one minimum, the thickness and refractive index change of the film 
cannot be derived separately. However, from the UV-Vis spectroscopy, the complex 
dielectric constant of the layer-by-layer PANI / SPANI film is determined to be 2.2 + 
i0.6 ( i'εε + ). The value is determined from the absorbance at λ = 633 nm [28]. Fig. 
5.8 shows plot of the thickness as a function of the bilayer’s number with the assumed 
dielectric constant of the film. A linear behavior is observed, which is similar to those 
reported in literature [16-18]. However, the absolute value is a little smaller than those 
data. This may be due to the grating profile. In the case of the grating, the surface is 
not smooth but corrugated, which has some influence on the self-assembly behavior 
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Fig. 5.8 Thickness of multilayer film vs. number of bilayer 
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5.3.2.2 Electroactivity of PANI / SPANI multilayer film in neutral solution 
The redox activity of polyaniline involves changes of the amine and imine groups in 
the polymer backbone, as shown in Fig. 5.9. There are three possible oxidation states 
of polyaniline, namely leucoemeraldine, emeraldine, and pernigraniline bases [36]. The 
emeraldine base can be protonated, leading to drastic changes in electrical, optical, 
and magnetic properties of the polymer. The properties are substantially affected by 
the conformational state of the polymer molecules, synthesis, environmental 














Fig. 5.9 Molecular structures of different bases of polyaniline 
 (a) leucoemeraldine, (b) emeraldine and (c) pernigraniline  
 
It has been shown that self-assembly PANI / SPANI multilayer film by LbL technique 
can shift the electroactivity of polyaniline to neutral solution [35], which provides a 
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PANI / SPANI film with 4 bilayers fabricated on the grating substrate. They were 
recorded in 0.1 mol/L phosphate-buffered saline (PBS) solution with different scan 
rates. The inset shows the plot of the anodic peak current versus the square root of the 
scan rate. A linear relationship is found, indicating a solution redox process. Prior to 



















Fig. 5.10 Cyclic voltammograms of Au electrode modified with 4 bilayers PANI / SPANI 
multilayer film recorded in 0.1 mol/L PBS buffer at a scan rate of 9,16,36,49 mV/s, receptively.  
Inset shows the relationship between anodic peak currents and the square root of the scan rate 
 
The redox behavior of PANI / SPANI multilayer film in PBS was also investigated by 
SPS. Fig.5.11 shows the SPR reflectivity change of such film during 5 cyclic sweeps. 
The reflectivity increases during the anodic potential scan and decreases during the 
cathodic scan. The change is due to the doping / dedoping processes, which results in 
a change of the dielectric constant and the density of the film, thus causing the change 
of reflectivity.  
 








































Chapter 5 Polyaniline / Sulfonated Polyaniline Multilayer Film Under Elevated Pressure 



































Fig.5.11 SPS kinetic scan of 4 bilayers PANI / SPANI measured in PBS  
(a) SPS kinetic scan (b) Reflectivity vs. Potential (3rd cyclic sweep) 
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5.3.2.3 Pressure effect on the medium 
Before we studied the PANI / SPANI multilayer film at elevated pressure, the pressure 
medium’s behavior and pure gold layer’s behavior under pressure need to be 
investigated first in order to serve as the reference. Studies of pressure effects on the 
optical properties of liquid phases have been performed for a long time [38, 39]. The 
theoretical Lorenz-Lorentz equation and Tait equation have been demonstrated to be 
suitable to fit the behavior of liquid under high pressure [2, 3].  
 
We recorded SPS angular scans of the bare gold in 0.1 mol/L PBS buffer under four 
different pressures, as shown in Fig. 5.12. A shift of the minimum angle to higher 
values with an elevated pressure can be noticed. This shift of the SPS spectrum can be 
completely fitted by changing refractive index of PBS only. When increasing the 
pressure, the density of PBS increases and consequently the refractive index of PBS 
increases. During the fitting, the dielectric constants of gold were not changed. The 
minimum angle can be observed during the whole pressure range. So the gold layer is 
stable and its optical property remains in aqueous environment up to pressure of 37.7 
MPa.  
 
Fig. 5.13 depicts the refractive index of the PBS buffer as a function of pressure up to 
37.7 MPa. With the increasing pressure, the compression leads to an increased density 
of the medium and thus an increased refractive index. This behavior was evaluated 
with the Lorenz-Lorentz / Tait equation. The result of this evaluation is shown in 
Table 5.1. Although the buffer contains small amounts of salts, the absolute values of 
the parameters in these two equations are comparable to those found for pure water. 
No significant deviation was found from the values of water. 
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Fig. 5.13 Refractive index of PBS buffer at different pressures 
 The solid line is the Lorenz-Lorentz / Tait equations fit to the data. 
 

















































  ⎯   Lorenz-Lorentz/Tait Fit
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Table 5.1 Parameters resulting from fitting the data of the refractive index to the 
Lorenz-Lorentz/Tait equations 
 
T/ ºC v0 / cm3g-1 RLL / cm3g-1 B / MPa κ0 / GPa 
25 1.00317 0.2063±0.0002 262.54±89 0.41087±0.01 
 
v0:   The value for v0 is extrapolated from CRC Handbook of Chemistry and Physics. 
RLL:  Lorenz-Lorentz constant 
B:   Temperature depending parameter 
κ0:   Bulk compressibility at standard conditions 
 
5.3.2.4 Electroactivity of multilayer film under elevated pressure 
Next, the PANI / SPANI multilayer film was introduced into the high pressure SPS 
with an electrochemical cell. The cyclic voltammograms of the PANI / SPANI / PBS 
system at different pressures were measured and compared. Fig. 5.14 shows the cyclic 
voltammograms of such system with the scan rate of 20 mV/s. It can be seen that the 
peak current decreases from 0.1 MPa to 8.6 MPa and the peak separation increase. 
These are due to the increased iR drop in the cell and indicate that the film becomes 
more compact under elevated pressure and the transfer of ions becomes more difficult. 
For the PANI / SPANI multilayer film, the PANI is doped by the negatively charged 
SPANI, which is the charge carrier in the film. The H+ around the SPANI chain keeps 
the electroactivity of the PANI / SPANI film in neutral solution. In order to investigate 
the system further, the sweep rate was varied at constant pressure. In Fig. 5.15, the 
current peak is plotted as a function of the square root of the sweep rate. It can be 
fitted by a straight line, indicating a solution redox process.  
 
5.3.2.4 Optical property of multilayer film under elevated pressure 
The optical property of PANI / SPANI multilayer films under elevated pressure was 
also studied. Fig. 5.16 shows the SPS angular scans for such an ultrathin polymer film 
at different pressures. It can be seen that the minimum angle shifts to a higher angle. 
This shift was compared with the reference system, bare gold / PBS system. The 
Chapter 5 Polyaniline / Sulfonated Polyaniline Multilayer Film Under Elevated Pressure 
 - 85 -
results are depicted in Table 5.2. It can be noticed that the shifts of minimum angle are 
larger in the gold / PANI / SPANI/ PBS system than that in the bare gold / PBS system. 
This shift cannot be fitted by just changing the refractive index of PBS. The changes 
of multilayer film under pressure also contribute to the shift. The refractive index of 
PBS increases with the elevated pressure, as discussed in 5.3.2.3. The multilayer 
film’s change is the density change itself. The density change of the film leads to the 
change of both the thickness and the refractive index of the film. However, only a set 
of parameters (n, d) could be derived from such SPS angular scan. These two 
parameters are correlated and cannot be separated just by these SPS angular scans 
because a thin film with a high refractive index might have the same surface plasmon 
resonance as a thick film with a low refractive index. However, by virtue of the 
electrochemical results of this system, we give a qualitative explanation to the result. 
From the investigation of the electroactivity of the PANI / SPANI film, we know that 
the film becomes more compact under pressure and accordingly the film density 
increases. Therefore, the refractive index of the film increases, which makes the 
minimum angle shift to higher angle. Further experiments are needed to separate the 
thickness change and refractive index change quantively. 
 
Table 5.2 Comparison of the critical angle and minimum angle of the bare gold/PBS system with 
those of the PANI /SPANI multilayer film system 
 
 0.1 MPa 8 MPa 18 MPa 28 MPa 38 MPa 
θc/° / 4.00 4.05 4.1 4.2 Bare gold θm/° / 14.7 14.8 14.9 15 
θc/° 4.95 5.0 5.05 5.1 5.15 PANI/SPANI 
film θm/° 15.4 15.55 15.7 15.85 16.0 
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Fig. 5.14 Cyclic voltammograms of PANI /SPANI / PBS system  






















Fig. 5.15 Cathodic peak current versus square root of the scan rate at different pressures.  
The solid lines are linear fits to the data.  
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Fig. 5.16 SPS angular scans of a PANI / SPANI multilayer film in PBS at different pressures 
(a) full scan (b) critical angle part (c) resonance angle part 
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5.4 Summary 
Gratings used for SPS were fabricated by photolithography or hot embossing 
lithography. These gratings can be used for surface plasmon coupling. 
Photolithography is a costly way to get gratings with a good surface profile and the 
grating profile will have small differences from each other after etching. However, a 
grating with a good surface profile can be reused many times and only the top layers 
like gold films and the dielectric layers need to be removed. Hot embossing 
lithography is a fast method for the parallel replication of gratings with low cost. The 
profile of the master grating can be transferred to the thin PMMA film successfully. 
However, such gratings cannot be reused. 
 
The deposition process of the PANI / SPANI multilayer film by LbL technique was 
studied by SPS. A continuous deposition of the polyelectrolyte was observed. With the 
assumption of a fixed refractive index of the film, a linear relationship between the 
film thickness and the number of bilayers was obtained. Compared with the values in 
the literature, the relatively small absolute value of each bilayer thickness is due to the 
corrugated grating surface profile. The electroactivity of PANI / SPANI multilayer 
film in neutral solution was investigated by CV and SPS. A linear relationship 
between the peak current and the square root of the scan rate was found, indicating a 
solution redox process. The SPR reflectivity increased during the anodic potential 
scan and decreased during the cathodic scan. The change is due to the doping / 
dedoping processes which result in the change of the dielectric constant and the 
density of the film. 
 
The behavior of bare gold / PBS systems under elevated pressure was studied first, 
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which was used as the reference to the gold /PANI /SPANI / PBS system. A shift of 
the minimum angle with an elevated pressure was observed. This shift could be 
completely fitted by varying the refractive index of PBS without changing other 
parameters. The behavior of the PBS medium under pressure was evaluated by the 
Lorenz-Lorentz / Tait equations. The parameters in the two equations were obtained 
by fitting to the data of the refractive index to the Lorenz-Lorentz / Tait equations. 
These parameters were found to have no much deviation from those of water. 
 
The PANI / SPANI multilayer film’s electrochemical and optical properties under 
elevated pressure were investigated by high pressure SPS with an electrochemical cell. 
The cyclic voltammograms of the PANI / SPANI film under different pressures were 
compared. It was found that the peak current decreased with elevated pressure. This 
indicated that the film became more compact and ion transfer became more difficult. 
The electrochemical behavior of the mutilayer film under elevated pressure was also 
diffusion control. The SPS angular scans for such an ultrathin polymer film at 
different pressures were recorded. The minimum angle shifted to a higher angle, 
which was much higher than that in the reference system. It could not be fitted by just 
changing the refractive index of PBS. Under elevated pressure, the thickness of the 
film decreased and refractive index of the film increased. All of these changes 
contribute to the shift of the minimum angle. Further experiments are needed to 
separate them quantitatively. 
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Chapter 6   Conclusion 
 
 
Surface plasmon spectroscopy (SPS) has been shown to be a technique with high 
sensitivity for the characterization of ultrathin films at the nano-scale. Several kinds of 
other techniques have been combined with it to simultaneously detect the changes of 
films on the metal surface. In this thesis, the possibility of performing a combination 
of SPS with cyclic voltammetry (CV) for the in-situ evaluation of electrochemical 
processes of conducting polymers on a flat electrode substrate was demonstrated; in 
particular, electropolymerization of 2,2’-bithiophene was investigated. The high 
pressure SPS with an electrochemical cell was utilized to investigate polyaniline / 
sulfonated polyaniline (PANI / SPANI) multilayer film. The instrument can perform 
standard SPS measurement under elevated pressure up to 50 MPa and can additionally 
perform electrochemical experiments at the same time.  
 
The electropolymerization process of 2,2’-bithiophene and the doping / dedoping 
process were investigated by electrochemical-surface plasmon spectroscopy (EC-SPS). 
From our studies, the 2,2’-bithiophene monomer did not form a self-assembled 
monolayer on the electrode surface. The cyclic sweeps resulted in a continuous 
deposition of the polybithiophene. With the assumption that the thickness was 
independent of refractive index, a linear relationship between the thickness of the film 
and the number of the cycle was obtained. In the first cycle, the increase of the 
roughness mainly contributed to the reflectivity’s increase. In the following cycles, the 
reflectivity’s increase was due to the aggregation of the polybithiophene film on the 
electrode surface. The anion doping and dedoping processes during the 
electropolymerization at the electrode surface were observed by the time-dependent 
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scan of SPS. During the positive scan, the reflectivity’s decrease was the result of 
anion doping, which was equal to the swelling of the polymer film. During the 
negative scan the slope change of the reflectivity was due to the dedoping of the anion. 
After putting the electrode with polybithiophene film into a monomer free electrolyte 
solution, the p-doped state of the polybithiophene was investigated. The minimum 
angle in the SPS spectrum shifted to lower angle in p-doped state. After redox cycling 
for three times, there was no reflectivity change, which indicated that the 
polybithiophene film had good reversibility from the p-doped state to the undoped 
state. 
 
The gratings used as the surface plasmon coupler were fabricated by photolithography 
or hot embossing lithography. The surface profiles of gratings were characterized by 
AFM. Gratings fabricated by these two methods can be used for SPS. It is costly in 
time and resources to get a good grating surface profile by photolithography and 
additionally gratings have small difference from each other after etching. However, 
such gratings with good features can be reused for many times just by removing the 
top layers. The hot embossing process is a fast method for grating fabrication with 
low cost. With a single master grating, the profile of the master grating was 
successfully transferred to the thin PMMA film spin-coated on the quartz glass. The 
parallel replication of gratings can be achieved. However, such gratings cannot be 
reused. 
 
The deposition process of the PANI / SPANI multilayer film by the LbL technique 
was studied by SPS. A continuous deposition of the polyelectrolyte was observed. 
With the assumption of a fixed refractive index of the film, a linear relationship 
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between the film thickness and the number of bilayer was obtained. The 
electroactivity of PANI / SPANI multilayer film in neutral solution was investigated 
by CV and SPS. A linear relationship between the peak current and the square root of 
the scan rate was found, indicating a solution redox process. The SPR reflectivity 
increased during the positive potential scan and decreased during the negative 
potential scan. This change was due to the ion doping / dedoping processes. 
 
The behavior of the pressure medium (PBS) was studied by high pressure SPS. It was 
observed that the minimum angle shifted to a higher angle with elevated pressure. The 
shift of minimum angle was completely fitted by varying the refractive index of PBS 
without changing other parameters in SPS spectrum simulation (Winspall). This 
behavior was evaluated by the Lorenz-Lorentz / Tait equations. The parameters in 
these two equations were obtained by fitting the data of the refractive index to these 
equations. No deviation of these parameters from those of water was found. The 
electrochemical and optical properties of PANI / SPANI multilayer film under 
elevated pressure were investigated by high pressure SPS with an electrochemical cell. 
It was found that the peak current decreased and peak separation increased with 
elevated pressure, which indicated that more iR dropped in system and the film 
became more compact and charge transfer became difficult. In SPS angular scans, the 
shift of the minimum angle was observed. It was a result of the interaction of the 
following factors: increased refractive index of the pressure medium; increased 
refractive index of polymer film and decreased thickness of polymer film. In next step, 
SPR results by two lasers with different wavelength for the PANI / SPANI system 
must be obtained and analyzed further in order to separate these factors quantitatively.  
 
